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Abstract 
In recent years, rather fine-grained multicrystalline Si material seems to have outperformed most quasi-mono material in 
industrial production. We have developed an industrial process for PERC cells, specifically suitable for 156×156 mm2 fine-
grained multicrystalline p-type wafers, and we reached cell efficiencies of up to 21.25% with a Voc of 667.8 mV, which seems to 
be the highest reported efficiency and Voc for industrial p-type mc silicon solar cells. In this work, we describe recent changes to 
our process sequence, adjust a measurement method to low saturation currents, and give a detailed loss analysis with the help of 
numerical device simulation. The improved surface passivation and optimized doping profile have reduced the emitter saturation 
current to 25.6 fA/cm2, which is the main contribution to the cell efficiency improvements. Particular attention is paid to fill 
factor losses due to recombination rate saturation in the base. But Voc is still dominated by recombination at the rear contacts. 
Accordingly, improvement strategies need be adjusted. 
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1. Introduction 
Over a decade, many members of the PV community expected that industrial mc-Si cells may not surpass 20% 
efficiency, but improvements in recent years fostered higher expectations. The ITRPV roadmap, for example, 
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predicts that high-performance multi (HPmc-Si) cells will surpass 20% efficiency by 2022 [1]. In order to improve 
mass production of HPmc-Si cells, we have developed an industrial process specifically suitable for HPmc-Si p-type 
material, and we reached cell efficiencies of up to 21.25% with an emitter saturation current of 25.7 fA/cm2. In the 
following, we give a short overview of our improvements in fabrication, in characterization, and a loss analysis. 
2. Cell fabrication 
About 1.2 ȍcm p-type boron doped HPmc-Si wafers were used with 156×156 mm2 size and approximately 180 
μm thickness, and cells were produced with a production feasible process flow outlined in Fig. 1. 
 
 
 
 
 
 
 
 
 
Fig. 1. Process flow for industrial HPmc-Si cell fabrication 
Firstly, the front textured surface was formed by an industrial-type texturing process. An acid and DI water 
cleaning was then applied before the phosphorous diffusion. The emitter with a sheet resistance of around 60 ohm/
ƶ was formed. After this diffusion process, the rear PSG layer was removed by single side HF clean while the front 
side PSG layer was kept. The rear side was then polished by alkaline solution. The front heavily doped emitter was 
selectively etched by HF/HNO3, which was realized with the ink jet in the finger area. The rear passivation film and 
the front ARC were deposited by PECVD. A picosecond laser with a wavelength of 532 nm was used to selectively 
open the passivation film on the rear side of the cell. Ag-Si and Al-Si contacts were formed by screen printing and 
co-firing in a belt furnace. After cell fabrication, the IV performance was measured in-house.  
The median cell efficiency reached 21.04% in the best batch having 36 cells, and the champion cell efficiency of 
21.25% with Voc of 667.8 mV was independently confirmed by Fraunhofer ISE CalLab, as shown in table I and Fig. 
2a. The IQE curve was measured for the champion cell, with a good blue response above 90%, as shown in Fig. 2b, 
which is the main contributor to the high short-circuit current. The fill factor=79.97% is limited by the front finger 
design, which can be further optimized. The lower recombination current for the front emitter is the key to the high 
open-circuit voltage. 
 
Fig. 2. IV curve of the champion cell measured by ISE CalLab (a) and the internal quantum efficiency (b) of a cell in the same batch measured in-
house. 
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Table. 1.  The IV parameters (median value) of our best batch with 36 cells, measured in-house, and of the champion cell, measured by 
Fraunhofer ISE CalLab. 
 Voc  
(mV) 
Jsc  
(mA/cm2) 
FF  
(%) 
K  
(%) 
Vmpp 
(mV) 
Jmpp 
(mA/cm2) 
Cell area 
(cm2) 
Median 666.8 39.32 80.10 21.04 566.8 37.07  
Best cell 667.8 39.78 79.97 21.25 566.6 37.49 242.74 
Simulation 669.5 39.78 79.96 21.30 562.4 37.87  
 
The photoluminescence image of the champion cells measured at open-circuit condition is shown in Fig. 3.  
 
 
Fig. 3. PL image of the champion cell. 
3. Cell characterization 
3.1. Front emitter 
In our recent improvements, the predominant contribution to the improved Voc comes from the low emitter J0 
realized by an advanced passivation technology and an optimized doping profile. The J0 for the heavily and lightly 
doped area were measured on separate lifetime samples using ~5 ȍcm p-type Cz wafers  and applying the method of 
Kane and Swanson [2].  
For the heavily doped emitter, the J0 value has decreased to about 109 fA/cm2 after the optimization of the front 
passivation film. However, the lightly doped emitter J0 value, extracted from the lifetime curves, depends on the 
injection density ǻn [3,4,5 ]. This dependence becomes relatively large when measuring low J0 values. Fig. 4 shows 
our measurement results for the lightly doped emitter of 18 samples processed in the same batch as the cells. We use 
robust statics, i.e. the box spans the interquartile range (IQR) from 25% to 75% percentile including the median line, 
the whiskers are chosen maximally 1.5•IQR away from the box. In this way, we can discern outsiders, shown as 
diamonds in Fig. 4a, which are all from the same sample. Removing that sample yields Fig. 4b. From Refs. 3 and 4 
follows that the optimum ǻn for J0 extraction in these samples is near its maximum at 7×1015 cm-3, where J0 = 23.7 
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fA/cm2. However, simulating the measurement with the device simulator Sentaurus (solid line) reveals that the local 
ǻn at the junctions is lower than the average ǻn monitored by the Sinton WCT-120 set-up [6], so the actual J0 is 
higher, 25.6 fA/cm2 (dashed line), independent of the monitored ǻn. If J0 had been extracted at 2×1016 cm-3, as is 
often done in literature, or at 3×1015 cm-3, it would have been underestimated by significantly more than 6% (the 
usual uncertainty of J0 measurements [7]). In that case, reproduction by numerical simulations would necessitate 
surface recombination velocity values that are significantly too low and would imply that there is no room for 
improvements. Hence, to assess the surface passivation quality of good emitters realistically, the precision of the J0 
measurements must be improved as shown here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  J0 of the lowly-doped emitter part, extracted from lifetime measurements of 18 samples, in dependence of injection density (a). The 
outsider sample (diamonds) is removed in graph (b). The solid line in (b) is a numerical simulation with Sentaurus of the J0 measurement, while 
the dashed line is the simulated actual J0 unaffected by the distribution of the excess carrier density in the lifetime sample. 
3.2. Rear side 
The low J0 of the local Al-BSFs and the low recombination velocity Seff on the rear side also ensure the high Voc 
and efficiency. For the J0 measurement, wafers with a resistivity of 10 cm were used. The procedure for the 
sample preparation is illustrated in Fig. 5.  
 
  
 
 
 
 
 
 
Fig. 5.  Sample preparation procedure for J0 measurement of the passivated and contacted rear area 
The wafers were first polished and RCA cleaned, then passivated at both sides. Laser ablation was applied to 
open the film in the contact area on one half of the rear side. After Al screen printing only on the rear side, and 
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firing, the Al layer was then removed by HCl. The PL images of the sample were measured as shown in figure 6(a). 
The region I is with contacts and region II without contacts. The following equation was applied to calculate the 
J0,LBSF from various J0 measurements: 
/%6)/%6)/%6)SDVVIURQWPHDVXUHG -II---   x             (1) 
J0,front denotes the saturation current for the passivation film only after firing; the sample (a) was used to measure 
J0,front. J0,pass denotes the saturation current of the rear side passivation film after Al screen printing and firing.  In the 
experiment, it was found that the passivation quality does hardly change before and after screen printing and firing. 
So we can assume that these two values are the same. J0,total is extracted after the measurement of the lifetime of the 
opened area of sample (e). After the firing process, the width of the LBSFs is measured, which can be used for the 
fraction calculation of the rear contact area, fLBSF. In this experiment, fLBSF is about 3.8%. The following equation is 
applied to calculate the J0,LBSF, because the above equation can be simplified to: 
/%6)
/%6)SDVVUHJLRQ,
/%6) I
I---   
            (2) 
The measured J0 of the different parts of the rear side are summarized in Fig. 6. It was found that, in our recent 
batches, the J0 in the LBSF has decreased to about 500 fA/cm2 after the optimization of the Al paste and the firing 
process. The J0 = 15 fA/cm2 of the rear passivated interface corresponds to the surface recombination velocity Seff = 
ǻn/qni2 | Nacc/qni2 | 10 cm/s. 
 
Fig. 6. (a) PL image of the J0 measurement sample prepared according to Fig. 5, and (b) the J0 measurement results. 
3.3. Bulk lifetime 
When measuring the spatially inhomogeneous lifetime of mc-Si, three main methods can be applied for providing 
input to numerical simulations. One is to measure the lifetime with spatial distribution, discretize the lifetime into, 
say, 15 values [8] and feed these values in a model where sub-cells are simulated each with one of these lifetimes [9], 
and the simulation series is connected with a spice model to describe the entire cell [10]. The second method is to 
measure the lifetime of a representative wafer region not spatially resolved but with, say, the Sinton lifetime tester 
and feed this lifetime value into a model of a homogeneous cell. A third option would be to measure the lifetime 
spatially resolved, to apply an averaging procedure, and to feed this averaged value into a model of a homogeneous 
cell. However, it was shown that there is no generally valid averaging procedure [11] because J0 of the base region 
(the wafer) depends on 1/Ĳ if Ĳ is sufficiently large to enable diffusion lengths larger than the wafer thickness W, and 
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J0 depends on 1/Ĳ½ if Ĳ is so small to lead to diffusion lengths smaller than W. In the first case, a harmonic mean 
would be appropriate, which is 
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With p =  –1, in the second case the geometric mean (p = 0) is appropriate. In most mc-Si material, there are both 
small and large lifetimes present, so the appropriate p is between̢1 and 0 (in fact, mostly between –0.9 and –0.5, 
see Fig. 5 of Ref. [11]). Here, we choose the second approach because it is suitable to include injection dependent 
lifetimes. The QSSPC measurement of the effective lifetime Ĳeff is shown in Fig. 7 as crosses. To measure lifetimes 
relevant to cell operation, we use a monitoring wafer that was removed from the fabrication line during metallization, 
so its lifetime and passivation benefits from gettering (including firing). We know J0 of the emitter as well as the 
rear Seff from the previous paragraphs, so we are able to calculate the bulk lifetime Ĳbulk from Ĳeff using the equation 
[2] 
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See lines in Fig. 7. We then fit Ĳbulk with the SRH theory and Auger recombination [12]. Because SRH 
recombination occurs in mc-Si via a distribution of defect energies within the Si band gap, usually both a deep and a 
shallow defect is required. The lifetime parameters for the deep defect are in our case Ĳn = 250 μs and Ĳp = 2500 μs, 
indicating that it is limited by the B-O complex despite the lower oxygen concentration in mc-Si compared to c-Si 
wafers. For the shallow defect, we choose an energy of 100 meV from the conduction band edge, resulting in Ĳn = Ĳp 
= 7.49 μs (this choice can be made between 50 meV and 200 meV and influences the resulting Ĳn and Ĳp, hence Ĳn 
and Ĳp of the shallow defect does not bear a physical meaning). These lifetime parameters are fed into our simulation 
model. 
 
 
 
 
 
 
 
 
Fig. 7. Excess carrier lifetime, measured with a Sinton WCT-120  (crosses), the bulk lifetime calculated with Eq. (4), the Auger lifetime [12], and 
the fitted SRH lifetime using a deep and a shallow defect in the Si band gap. 
4. Loss analysis 
4.1. Recombination loss analysis 
For deciding on improvement strategies, it is valuable to know the recombination losses in each device part, 
because reducing the recombination in the region with the highest recombination losses improves cell efficiency 
most effectively. Our detailed characterisation of our cells (including e.g. the defect density at the rear interface) 
served as input to our two-dimensional simulation with Sentaurus, combined with a SPICE model for the front 
metallization. No input parameters needed to be adjusted for reproducing the champion cell, see table I. The 
simulated Voc is only 2 mV higher because no edge region and no recombination due to bus bars were included.  
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The simulated recombination losses are shown in Fig. 8. The total loss is significantly higher than the losses in 
each device part, indicating that these losses are rather evenly distributed, as can be expected from a well optimised 
cell. The dominant recombination loss is in the base region at MPP, followed by recombination at the rear contacts. 
The selective emitter is improved such that it comes third, contributing significantly to the recent efficiency 
improvement. Hence, the emitter is improved to the extent that mc-Si material quality bears the biggest potential for 
the next efficiency improvements. However, towards Voc, there is recombination saturation occurring in the base 
region due to the BO complex, therefore the recombination losses become dominated by the rear contacts. This 
lowers the fill factor by 0.35% (evaluated from simulating without the BO complex). Shielding the rear contacts 
from minority carriers is most effective among the various possible design changes. Within the emitter, the 
dominant contribution still comes from Auger recombination in the heavily-doped part and not from SRH 
recombination at the contact. This is a typical effect when selectivity is achieved by etching: a rather heavy 
diffusion is required so the etched-back part does not cause a too high sheet resistivity; this diffusion is heavier than 
required under the metal contacts.  
      
Fig. 8. Simulated recombination losses in the various device regions (a) and the losses at MPP (b) for the champion cell. 
4.2. Resistive loss analysis 
  The series resistance is simulated by a series of three IV curves under three different illumination intensities [13], 
but all near 1-sun (otherwise, the injection-dependent lifetime in the base would influence the extracted Rs value as 
is the case e.g. in suns-Voc curves). The resulting series resistance is shown in Fig. 9. The internal Rs is bias-
dependent due to the varying amount of lateral current flow in the emitter compared to the base, and due to a slight 
decrease of the base resistivity with higher bias and, hence, higher injection levels. The Rs of the metallization is 
ideally independent of bias. We observe a weak bias dependency because our finger distance is small, there are five 
busbars, so we can afford a rather large finger line resistance, leading to weak effects of distributed resistance. 
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Fig. 9. Simulated lumped series resistances in dependence of bias. 
4.3. Optical loss analysis 
We perform the optical analysis by fitting the reflectivity from 300 to 950 nm wavelength (where there is no 
reflection of light from the rear surface) with an analytical model and obtain in this wavelength range a parasitic 
absorption of the ARC of 0.312 mA/cm2 and a reflection of 0.391 mA/cm2. This is each a similar amount as the 
recombination losses at short-circuit of 0.429 mA/cm2 (left part of Fig. 8a). 
5. Conclusion 
The characterization indicates that the recent efficiency improvements were achieved mainly by improvements of 
the emitter. Future changes improve cell efficiency most effectively if achieved with a better quality of the mc-Si 
material and with a shielding of minorities from the rear contacts. 
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